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ScienceDirectC4 photosynthesis is used by only three percent of all flowering
plants, but explains a quarter of global primary production,
including some of the worlds’ most important cereals and
bioenergy grasses. Recent advances in our understanding of
C4 development can be attributed to the application of
comparative transcriptomics approaches that has been fueled
by high throughput sequencing. Global surveys of gene
expression conducted between different developmental
stages or on phylogenetically closely related C3 and C4 species
are providing new insights into C4 function, development and
evolution. Importantly, through co-expression analysis and
comparative genomics, these studies help define novel
candidate genes that transcend traditional genetic screens. In
this review, we briefly summarize the major findings from recent
transcriptomic studies, compare and contrast these studies to
summarize emerging consensus, and suggest new
approaches to exploit the data. Finally, we suggest using
Setaria viridis as a model system to relieve a major bottleneck in
genetic studies of C4 photosynthesis, and discuss the
challenges and new opportunities for future comparative
transcriptomic studies.
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Introduction
C4 photosynthesis is a complex trait enabled by structural,
biochemical and developmental innovations from an an-
cestral C3 state. Classical biochemical and physiological
studies have revealed some of the key enzymatic and
transport steps required for C4. However, we are just
beginning to understand the diversity of plastidial trans-
porters, regulatory proteins and transcription factors
(TFs) required for the installation of a C4 photosynthesiswww.sciencedirect.com [1–7]. Great insight into the complexity of this process
has come from deep transcriptome profiling as summa-
rized in [5,7]. In this review we focus on probing the
strengths and weaknesses of comparative transcriptomic
surveys and suggest that an emerging model species
could help in rapidly defining components necessary
for C4 differentiation.
Transcriptome profiles during C4 development
The key innovation in C4 photosynthesis is the spatial
separation of CO2 reduction and fixation. This multi-step
process actively pumps CO2 into the vicinity of Ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) to
reduce photorespiration. In most C4 lineages this is ac-
complished through the metabolic cooperation of the
bundle sheath (BS) and mesophyll (M) cells (Kranz
anatomy) and cell-type specific enzymes, transporters
and regulators [1–3].
The first global transcriptomic survey of C4 photosynthe-
sis using RNAseq was conducted along the proximal-
distal axis of a maize seedling leaf [8], with the tip
segment further divided into BS and M fractions. This
study showed a spatial sink-source transition of the maize
leaf transcriptome. Since this early studies, several groups
have surveyed gene expression across a range of C4
species, and observed similar transition in the transcripts
[9,10,11,12,13], proteins [14,15], metabolites [9,10],
vein density and level of cell differentiation [11]. These
include a study in C4 dicot Cleome gynandra, which
revealed conserved TFs potentially involved in C4 dif-
ferentiation between Cleome and maize, despite their
140 million years of divergence.
Other recent studies compare the BS and M transcrip-
tomes [8,11,12,16,17]. Known components of the C4
cycle including genes encoding PHOSPHOENOLPYR-
UVATE CARBOXYLASE (PEPC), PYRUVATE, PHOS-
PHATE DIKINASE (PPDK) and NADP-MALIC
ENZYME (NADP-ME) display strong differential expres-
sion (DE) between BS and M. These studies, together
with proteomic analysis [4,12,14,16,18], also help identi-
fy plastidial transporter candidates like DICARBOXY-
LATE TRANSPORTER (DCT) and MESOPHYLL
ENVELOP PROTEINS (MEPs). Of note, Tausta and
colleagues [12] showed that the BS/M specificity is
usually determined prior to the sink-source transition.
Interestingly, homologs of many genes encoding C4
enzymes are also differentially expressed between the
BS and M in the C3 plant Arabidopsis thaliana [19],Current Opinion in Plant Biology 2016, 31:91–99
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the evolution of C4 plants.
Several groups have explored the early developmental
events associated with the installation of a C4 system
[11,20,21]. In maize, comparisons between the devel-
oping leaves (high vein density) and husk leaves (low vein
density) helped identify 71 TFs that may function very
early to program Kranz anatomy [20]. These include
two suspected Kranz regulators SHORTROOT [22] and
SCARECROW [23]. Interspecific comparisons between a
C3 and a C4 Cleome species over a leaf developmental time
series [21] suggested that recruitment of C4 genes is
through small scale rewiring instead of changes in a few
master regulators. These comparisons also suggested
delayed mesophyll tissue differentiation and endo-redu-
plication in BS might contribute to the installation of C4
photosynthesis.
Phylogenetic comparisons of transcriptome
profiles
C4 evolved more than 60 times in angiosperms [1,2].
Transcriptome comparisons between C3 and C4 species,
and/or independently evolved C4 lineages provide a
global view of genetic changes associated with C4 evo-
lution. One of the first confirmed novel components of the
C4 cycle was a SODIUM/PROTON TRANSLOCATOR
(NHD) present in Cleome [24], which was demonstrated
to be a component of a M plastidial pyruvate transport
system together with a BILE ACID:SODIUM SYMPOR-
TER (BASS2) [25]. A comparison between C3, C3–C4
intermediate and C4 Flaveria species [26] showed expres-
sions from genes associated with photorespiration prefer-
entially accumulate in the C3–C4 intermediate species.
This suggests that a photorespiratory CO2 pump, or ‘C2
photosynthesis’, is an evolutionary intermediate pathway
between C3 and C4 [27,28]. Mallmann and colleagues [29]
further explored this hypothesis, demonstrating C2 pho-
tosynthesis is a widely adopted as a pre-adaptation to C4
in C3–C4 intermediates.
In grasses, the frequent (26) independent C4 origins
[30] and their economic significance as crops and biofuel
feedstocks, has made them attractive targets for studying
C4 evolution. Comparison of Megathyrsus maximus, a C4
phosphenopyruvate carboxykinase (PCK) subtype, to its
C3 relative Dichanthelium clandestinum [31] revealed simi-
larities between transcriptomes of PCK subtype and that
of NAD-malic enzyme (NAD-ME) subtype [24]. This
supports the general observation of flexible C4 decarbox-
ylation [32], also summarized in [33]. Wang and collea-
gues [10] developed a unified development model to
overcome the challenge of staging the dynamic develop-
mental regimes of two different species. In addition to
candidates for C4 cycle and TFs, this model allowed the
identification of more than 100 cis-regulatory elements
and genes involved in suberin biosynthesis. SuberizationCurrent Opinion in Plant Biology 2016, 31:91–99 of the BS cell wall potentially prevents leakage of oxygen
and CO2 [34,35]. The addition of sorghum and Setaria leaf
gradient helped refine a set of 128 candidates conserved
across diverse C4 grasses [13], including sugar transporters
and enzymes involved in starch metabolisms. Covshoff
and colleagues [36] compared C4 Echinocloa to rice and
maize to distinguish candidates for C4 versus hot and arid
paddy environments [36]. The non-grass monocot Eleo-
charis baldwinii is a C3–C4 intermediate species showing
environmentally inducible C4 [37]. A unique discovery in
this species is the up-regulation of the ATP-binding
cassette transporter (ABC) genes along with the C4 in-
duction, potentially involving guard cell movement and
stomata conductance.
Consensus and novelty revealed through
transcriptomic studies
Thus far we have summarized 16 transcriptomic surveys
that dissected the development and/or evolution of C4
(Table 1). The degree to which a consensus can be
formed from these studies relies on what biological pro-
cesses are being examined. Not surprisingly, genes
encoding C4 enzymes such as PEPC, PPDK and one of
the three decarboxylases (NADP-ME, NAD-ME and PCK)
displayed expected strong DE across all studies. There is
also major consensus for C4 acid transporters (DCT homo-
logs) and pyruvate transporters (MEP, NHD and BASS2
homologs) as summarized in previous reviews [5,7]. How-
ever, beyond the C4 cycle, only a few processes display
comparable results inferred from transcriptome profiles
taken across multiple studies. These include the in-
creased expression of starch metabolism, plasmodesmatal
conductance, sugar transport, cyclic electron flow, and the
down-regulation of photorespiration in C4 lineages/tissue
(Table 1). For example, the increased expression of
several lipid transfer proteins and callose-degrading
enzymes in C4 lineages [24
], BS [16] and induced C4
tissues [37] were suggested to be associated with in-
creased plasmodesmatal conductance and metabolite
flow between BS and M [38]. Trends of expression in
many other C4 related processes are not widely discussed.
For instance, the increased expression of PYRUVATE
DEHYDROGENASE KINASE (PDHK) is suggested by
one study [31] to prevent pyruvate from leaking into the
tricarboxylic acid cycle. This should be a common re-
quirement for all C4 plants, but PDHK expression was not
explicitly described in comparable ways elsewhere. In
other cases, highlighted genes underlying a same process
differ among studies. For example, in at least three
studies [10,12,16] different candidates were implicated
in BS wall thickening, including cellulose, lignin [12],
MtN transporters and wall associated kinases [16], and
suberin biosynthesis [10]. Indeed, this is a general trend
in transcriptomics papers as it is unrealistic to expect
authors to extract biological stories from genome wide
surveys where tens of thousands of genes are being
characterized. Thus, in Table 1 we summarized whatwww.sciencedirect.com
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Table 1
Comparative summary of recent transcriptomic studies of C4 photosynthesis
Study Taxa Developmental comparisons Phylogenetic
comparisonsa
Highlighted genes, gene clusters and processesb
Gradient BS/M Temporal C3/C4 C4/C4
Li et al. 2010 [8] Maize   Alternative splicing isoforms differentially
expressed along leaf gradient (e.g. glycoside
hydrolase);
Pick
et al. 2011 [9]
Maize  Identified signaling proteins co-expressed with
PEPC, such as calcium signaling protiens,
calreticulin, and mitogen activated protein kinase.
Bra¨utigam
et al. 2011 [24]
Cleomaceae  Lipid transfer protein and callose-degrading
enzyme show similar expression to C4 cycle genes.
They may function in plasmodesmatal
conductivity. Protein synthesis and amino acid
metabolism related transcripts are preferentially
accumulated in the C4 species.
Gowik
et al. 2011 [26]
Flaveria  In C4 Flaveria high affinity potassium transporter,
chloroplastic cation exchangers and genes relating
to cyclic electron flow show high expression, while
sugar transporters, aquaporins, and genes relating
to plastid development and amino acid synthesis
show low expression compare to C3 relatives.
Chang
et al. 2012 [16]
Maize  Wall-associated kinase and transporters like
MtN21 MtN3 are enriched in BS, and are potentially
related to CO2 permeability. Signaling receptor
kinases, callose binding proteins, and callose
synthase related to plasmodesmatal conductivity
are exclusively expressed in BS.
Wang
et al. 2013 [20]
Maize  Prioritized many putative C4 TFs associated with
meristem maintenance, axis patterning,
vasculature patterning and chloroplast biogenesis
Aubry
et al. 2014 [11]
Cleome/maize     Identifies some conservation in maize and C.
gynandra TFs potentially controlling C4 gene
expression and C4 development, but not at the
level of gene clusters.
Wang
et al. 2014 [10]
Maize/rice   Identified candidates for suberin biosynthesis like
acyltransferase, fatty acid v-hydroxylase, and
suberin synthase for the establishment of suberin
layer in BS cell wall. Also identified several putative
C4 TFs.
Ku¨lanhoglu
et al. 2014 [21]
Cleomaceae   Found that expression of many genes show
delayed phase in C4 species relative to C3 species,
including cell cycle control and plastid division
related genes. Several genes involve in cell wall
biosynthesis shifted from a root expression in C3
plants to leaf expression in C4 plants (e.g. a plasma
membrane linker protein, a xyloglucan
endotransglycosylase).
John
et al. 2014 [17]
Setaria/maize   M enriched processes include metabolism of
isoprenoids, proteins synthesis and RNA
processing, and BS enriched processes include
tricarboxylic acid cycle and carbohydrate
metabolism. Compartmentalization of protein
degrading enzymes.
Tausta
et al. 2014 [12]
Maize   Members of some multi-gene families
(triosephosphate isomerase and aquaporins) show
differential BS/M expression along the leaf
gradient. Cellulose synthase expressed in sink-
source transition stage may relate to secondary
wall thickening in BS. Mature stage is enriched in
stress inducible genes. Members of the
acireductone dioxygenases family show BS or M
enrichment, indicate methionine cycle may be
compartmentalized.
www.sciencedirect.com Current Opinion in Plant Biology 2016, 31:91–99
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Table 1 (Continued )
Study Taxa Developmental comparisons Phylogenetic
comparisonsa
Highlighted genes, gene clusters and processesb
Gradient BS/M Temporal C3/C4 C4/C4
Mallmann
et al. 2014 [29]
Flaveria   Genes required for the C2 cycle are expressed at
high levels in C3–C4 intermediates. Expression of
glutamine synthetase and glutamine oxoglutarate
aminotransferase is also high in C3–C4
intermediates, potentially to improve nitrogen
balance between BS and M.
Bra¨utigam
et al. 2014 [31]
Megathyrsus  Genes required for starch synthesis are highly
expressed in Megathyrsus. Several regulators
prevent metabolite leakage to other pathways were
identified, including pyruvate dehydrogenase
kinase (tricarboxilic acid cycle), aspartate kinase
(amino acid metabolism) and aspartate oxidase
(NAD syntehsis).
Chen
et al. 2014 [37]
Eleocharis  Many ABC transporters increased their transcripts
abundance as C4 culms were being induced,
potentially relating to stomata conductance. C4
culms are also enriched for transcripts of lipid
transfer protein (relating to plasmodesmatal
conductance), glycolysis and tricarboxylic acid
cycle enzymes (may provide intermediates for C4
cycle).
Ding et al.
2015 [13]
Maize/sorghum/
Setaria/rice
   Multiple C4 and C3 grass comparisons showed that
C4 species are enriched for transcripts relating to
starch synthesis and degradation (e.g.
phosphoglucan phosphatase and beta-amylases)
and sugar transporters for phloem loading (e.g.
sugar transport 1 and sucrose transport 1/2)
Covshoff et al.
2016 [36]
Echinochloa/rice  Transcripts that accumulate in Echinocloa when
grown in rice paddies tend to have more
nonsynonymous changes than expected by
random chance, indicating positive selection for
hot and arid environment.
a C3/C4means a comparison of transcriptome profiles between a C3 lineage to a C4 lineage, or comparison between a C3 and C4 intermediate lineage
to a C4 lineage; C4/C4 means a comparison between at least two independently evolved C4 lineages.
b These exclude those directly involve in C4 cycle and Calvin cycle, since they are common across all studies. TFs which are specifically discussed in
Table 2 and Figure 1 are also generally not listed.we considered some of the more interesting findings that
could be further explored across a wider diversity of
studies. Such unique findings in different studies may
also be due in part to the variable nature of sampling
transcriptomes from plants that differ in respect to the
tissue type sampled, time of harvest, and phylogenetic
relatedness.
To explore to what extent a consensus can be gleaned
from a subset of studies to date we restricted our analysis
to the identification of transcription factors identified in
maize as potential C4 regulators across nine studies
[8,9,10,11,12,13,16,17,20]. We compared candidate
TFs to identify those that are shared and unique among
these nine studies. To maximize the possible overlap
between studies, BS/M specificity and direction of regu-
lation were not considered. The results show that usually
more than 30% of identified TFs are unique to a single
study (Figure 1a). We then ranked all TFs by the fre-
quencies of their identification as C4 candidates across
studies (Table 2; Figure 1b). Similar to a smaller scaleCurrent Opinion in Plant Biology 2016, 31:91–99 survey by Tausta and colleagues [12], no TF seems to be
consistently identified across all studies. In fact, the single
best candidate GOLDEN2-like1 is recognized in only
five of the nine studies. In addition, nine candidate
TFs have been identified by four studies independently,
including two characterized genes G2 and SHORTROOT.
GOLDEN2-like genes (GOLDEN2-like1 and G2) are in-
volved in plastid development and maturation [39], while
SHORTROOT [22] contributes to Kranz development in
maize. Another likely Kranz regulator SCARECROW [23] is
mixed within 96 TFs that were identified by three studies
(Table 2). Homologs of Golden2-like genes, SHORTROOT
and SCARECROW are also widely discussed in most studies
of other species [9,11,13,17,21,26,36,37]. An important
caveat to these findings is that Golden2-like genes, SHORT-
ROOT and SCARECROW had been previously identified as
potential C4 regulators through characterizations of mutant
alleles prior to their discussion in the transcriptomics
surveys. Thus, authors may be biased in the discussions
of specific TFs based on the prior literature. Nevertheless,
we did observe that as the number of independent studieswww.sciencedirect.com
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Summary of candidate C4 related transcription factors (TFs) among studies. (a) Each colored box shows the number of candidate C4 TFs shared
by any two transcriptomic studies. The bold numbers shown on the diagonal indicate the total number of candidate C4 TFs identified in a given
study and the numbers to the left and inside the parentheses indicate the number and percentage of unique C4 TFs identified only in that study.
(b) Summary of all TFs, ranked by times being identified by studies. (c) Bar plot of candidate TFs that were identified by two or more (red) or three
or more (blue) studies by family.
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Table 2
106 Ranked C4 candidate TFs in maize identified by multiple independent studies
TF familyamaize ID Referencesb References TF family maize ID References TF family maize ID 
GRMZM2G026833c
GARP 
(Golden2-like1) 
[8,10,12,16,17] [8,10,12] bHLH GRMZM2G159937 [8,11,20] Homeobox GRMZM2G178102 
GRMZM2G052667 AP2/EREBP [8,12,20] Homeobox GRMZM2G139963 [8,12,20] bHLH GRMZM2G128807 [8–10,12] 
GRMZM2G078274 ARF [8,12,20] Homeobox GRMZM2G134260 [8,10,12] bHLH GRMZM2G112629 [8,12,16,20] 
GRMZM2G177693 C2H2 [8,10,12] Homeobox GRMZM2G126808 [8,12,20] bHLH GRMZM2G111146 [8,9,12,20] 
GRMZM2G087804 GARP (G2) [8,10,12] Homeobox GRMZM2G119999 [8,11,20] bHLH GRMZM2G082586 [8,12,17,20] 
GRMZM2G132794 
GRAS 
(SHORTROOT) 
[8,11,16,20] [8,10,12] bHLH GRMZM2G061906 [8,10,12] Homeobox GRMZM2G116658 
GRMZM2G132367 HB [8,12,20] Homeobox GRMZM2G026643 [8,10,12] bHLH GRMZM2G042895 [8,11,12,20] 
GRMZM2G055158 MYB [8,12,20] HSF GRMZM2G118047 [8,12,20] bHLH GRMZM2G033356  [10,12,16,20] 
GRMZM2G166946 TCP [8,12,20] JUMONJI GRMZM2G057466 [8,12,20] bZIP GRMZM2G428184  [8,10,12,17] 
GRMZM2G120151 TCP [8,12,20] MADS box GRMZM2G370777 [8,12,20] bZIP GRMZM2G149040 [8,10,12,16] 
[8,10,12] MADS box GRMZM2G117961 [8,10,12] bZIP GRMZM2G103647 [8,12,20] Alfin-like GRMZM2G008259 
[8,12,16] MYB GRMZM2G455869 [8,10,12] bZIP GRMZM2G073427 [8,12,20] AP2/EREBP GRMZM2G148333 
[8,12,20] MYB GRMZM2G403620 [8,12,20] bZIP GRMZM2G062391 [9,10,12] AP2/EREBP GRMZM2G110333 
[8,10,12] MYB GRMZM2G130149 [8,10,12] bZIP GRMZM2G019106 [8,12,20] ARF GRMZM2G702026 
[8,12,13] MYB GRMZM2G088524 [8,10,12] C2C2 CO-like GRMZM2G159996 [8,12,20] ARF GRMZM2G475882 
[8,12,13] MYB AC204212.4_FG001 [8,10,12] C2C2 CO-like GRMZM2G114137 [8,12,16] ARF GRMZM2G317900 
[8,10,12] NAC GRMZM2G166721 [8,10,12] C2C2 CO-like GRMZM2G021777 [8,12,20] ARF GRMZM2G153233 
[8,10,12] NAC GRMZM2G114850 [8,11,20] C2C2 DOF GRMZM2G176063 [8,12,16] ARF GRMZM2G056120 
[8,10,12] NAC GRMZM2G083347 [8,10,12] C2C2 DOF GRMZM2G171852 [8,11,20] ARF GRMZM2G028980 
[8,10,12] NAC GRMZM2G068973 [8,10,12] C2C2 DOF GRMZM2G142718 [8,12,20] ARF GRMZM2G006042 
[8,12,16] NAC GRMZM2G060116 [8,12,20] C2C2 DOF GRMZM2G134545 [10,12,16] ARR GRMZM2G479110 
[8,10,12] ARR GRMZM2G177220 [8,11,12] C2C2 DOF GRMZM2G123900 GRMZM2G155662 
plant TF 
(pbf2) 
[8,12,20] 
[8,10,12] Pseudo ARR GRMZM2G095727 [8,12,20] C2C2 GATA GRMZM2G163200 [8,12,16] ARR GRMZM2G013612 
[8,11,20] SBP GRMZM2G126018 [8,11,20] C2C2 GATA GRMZM2G140669 [8,12,20] Aux/IAA GRMZM2G163848 
[8,12,20] TCP GRMZM2G113888 [8,10,20] C2C2 GATA GRMZM2G135381 [8,12,20] Aux/IAA GRMZM2G159285 
[8,12,20] TCP GRMZM2G093895 [8,12,20] C2C2 YABBY GRMZM2G106204 [8,12,20] Aux/IAA GRMZM2G147243 
[8,10,12] TCP GRMZM2G092214 [8,12,17] C2H2 GRMZM2G179677 [8,12,20] Aux/IAA GRMZM2G138268 
[8,16,20] TCP AC205574.3_FG006 [8,11,20] C2H2 GRMZM2G136494 [8,11,20] Aux/IAA GRMZM2G121309 
[8,11,20] TUB GRMZM2G472945 [8,12,17] C2H2 GRMZM2G129261 [8,12,20] Aux/IAA GRMZM2G077356 
[8,12,16] WRKY GRMZM2G449681 [8,12,20] C2H2 GRMZM2G011357 [8,12,20] Aux/IAA GRMZM2G037368 
[8,10,12] WRKY GRMZM2G143204 [8,10,12] CCAAT box GRMZM2G113127 [8,12,20] bHLH GRMZM2G317450 
[8,12,17] WRKY GRMZM2G089696 [8,10,12] GARP GRMZM2G701218 [8,10,12] bHLH GRMZM2G301089 
[8,10,12] WRKY GRMZM2G018487 [8,10,12] GARP GRMZM2G124495 [8,11,20] bHLH GRMZM2G178182 
[8,11,20] zf-HD GRMZM2G425236 [8,11,20] GRAS GRMZM2G172657 [8,12,20] bHLH GRMZM2G173534 
[8,12,20] bHLH GRMZM2G172297 GRMZM2G131516 
GRAS 
(SCARECROW) 
[8,11,20] 
[8,10,20] Homeobox GRMZM2G469551 [8,12,16] bHLH GRMZM2G165042 
aTF family assignment based on Tausta et al. 2014 and phytozome v11 annotation at phytozome.jgi.doe.gov.
bReferences: For TFs from Li et al. 2010 [8], the maize gene IDs were updated based on Tausta et al. 2014 [12]. Also, only conserved candidate TF
between maize and C. gynadra were considered from Aubry et al. 2014 study [11].
cBold gene IDs show four TFs that have been characterized to functioning in C4 development in maize. Degree of green color background
corresponds to the frequency that the TF is being identified by independent studies.increases, the chance of identifying well-known C4 related
TFs also increases. Thus, consensus among multiple stud-
ies may be a useful and relatively objective criterion to
prioritize the TFs for further functional characterization.
TFs can be grouped into gene families based on theCurrent Opinion in Plant Biology 2016, 31:91–99 presence of shared conserved domains [40]. We further
classified these candidates by family to reveal potential
enrichments for C4 regulation (Table 2; Figure 1c). We
observed that basic helix-loop-helix (bHLH), MYB, ho-
meobox (HB) and C2H2 zinc finger families were mostwww.sciencedirect.com
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auxin response factor (ARF) and Aux/IAA families were
most often identified by three or more studies. However, it
is noteworthy that the four characterized TFs (GOLDEN2-
like1, G2, SHORTROOT and SCARECROW) do not belong
to any families mentioned above. Thus, although there
may be a trend for specific TF family recruitment in C4
regulation, it is not exclusive.
Separating the wheat from the chaff in
existing and future transcriptomic studies
Transcriptomic studies generate comparatively immense
datasets, yet each study has a limited focus. Therefore,
there will always be some information that is not explored
in detail. One simple approach to reduce the complexity
is to compare the same biological processes across multi-
ple relevant studies. Examination of many individually
processes, such as guard cell movement [12,37], metab-
olite leakage [31] and abscisic acid signaling [37]
(Table 1) can be synthesized to reveal emergent proper-
ties. For example, if BS cell wall suberization regulates C4
gas exchange as proposed [34], related enzymes should
show DE in most BS/M, leaf gradient and phylogenetic
comparisons. This is a quick analysis given the conve-
nience of a proposed suberin biosynthetic pathway
[10,35]. Additional insight can also be gained through
analysis of the transcript sequences from existing data-
sets. C4 is an adaptation to environmental CO2 decline
[27], and it is known that some C4 enzymes contain
signatures of positive selection, such as elevated amino
acid substitutions in C4 lineages [41]. Similar queries can
be performed with plastidial transporters, simply by min-
ing their sequences from the transcriptome datasets. The
search for signals of positive selection can be further
expanded to whole transcriptomes to identify novel can-
didates for C4. Because the transcripts abundances are not
used in these searches, these candidates will be indepen-
dent from those identified directly through transcriptomic
surveys.
Future transcriptomic surveys will need to be conducted
using novel approaches to distinguish themselves from
the existing studies. One possible approach is to reduce
the complexity of tissue types used for comparisons. For
example, maize husk leaves are known to conduct partial
C4 without a typical Kranz anatomy [20
,42]. This sug-
gests that vein density [1–3,43] may be controlled inde-
pendently from BS/M differentiation. A recent survey of
the auricle region in maize provides a developmental
model for small vein initiation [44]. Thus comparing
auricle tissues from C4 and closely related C3 grasses
may shed light on vascular patterning, independent of
photosynthetic differentiation. Also, continued effort to
compare more closely related C3 and C4 lineages is
needed. For instance, Steinchisma is composed of both
C3 and C3-C4 intermediates [30] that could be used to
examine the function of the C2 photosynthesis in grasses,www.sciencedirect.com similar to Flaveria in dicots [26,28,29]. Dichanthelium, a C3
lineage in panicoids [30], provides a much better C3
reference for maize, sorghum and Setaria compared to
the more distantly related reference rice. Another poten-
tially fruitful but scarcely explored area of research is
intra-species variations. The efficiency of the C4 cycle
could vary among accessions of the same C4 species, and
transcripts involved in the C4 cycle are expected to be co-
regulated. Increased transcript pools could then be corre-
lated with photosynthetic efficiency, or more indirect
approaches like stable isotope analysis [45]. If such varia-
tion is heritable, mapping ‘C4-ness’ as a trait through
linkage or association studies could be a much more
deterministic way to identify C4 regulators. This should
also be applicable to explore variation in C4 pathways.
Maize uses NADP-ME as the main decarboxylase (75%)
which is supplemented by PCK (25%) [46], while in its
close relative sugarcane, which shares the same C4 origin
[30], PCK is dominant [47]. Furthermore, Alloteropsis
semialata is a single grass species with two subspecies
that uses C3 and C4 photosynthesis respectively [48], and
accordingly, intra-specific variability in decarboxylation
pathways is also possible.
Inferences versus validations: what is the role
of transcriptomics in the future?
Transcriptome profiling is a powerful tool to identify C4
related genes, because it is one of the very few approaches
capable of identifying novel candidate genes at the genome
scale [5,7]. In the few examples of in vivo functional
characterizations to date, transcriptomic surveys have
helped identify NHD and BASS2 [24,25], and supported
the discovery of new roles in C4photosynthesis for carbonic
anhydrase [49] and a DCT homolog [46]. However, the
power of providing many candidates coincides with the
lack of resolution. Due to the large number of transcripts
that show DE, many candidates for a particular role are
likely falsely implicated due to correlated transcript abun-
dance and sequence homology without actual causation.
Take the TFs in maize for example: various studies have
suggested more than one thousand TFs to be related to C4
in some respect (Figure 1), yet to date probably only four
TFs (Golden2-like1, G2, SHORTROOT and SCARECROW)
have in vivo validation of the their role in C4 development
in maize [22,23,39] and none of these genes was identified
as a result of transcriptomic profiling. Clearly, a deeper
understanding of C4 has not been hindered by the absence
of available gene candidates. Instead, we are limited by the
lack of tools to prioritize these candidates. We argue that
picking C4 candidates based on sequence homology from
distantly related species is not an effective tool for discov-
ery. Instead, consistent DE observations obtained from
independent analyses, including BS/M, sections along a
developmental gradient, and between C3 and C4 sister
lineages could provide a more objective and effective way
of prioritizing the candidates. Most importantly, theseCurrent Opinion in Plant Biology 2016, 31:91–99
98 Physiology and metabolismcandidates need to be verified through genetic and bio-
chemical approaches.
In recent years, the rapid development of tools and
resources for Setaria viridis has made this species an
attractive model for C4 research [50,51]. S. viridis shares
many useful features with A. thaliana, like its small statue,
short life cycle and small genome size. S. viridis has the
advantage that it is a C4 plant, and a panicoid grass closely
related to target crops and biofuel feedstocks. The major
obstacle to functional validations in grasses is the speed
and capacity of transformation. Traditional transforma-
tion through callus induction requires months of time,
technical expertise and is costly. Two recently developed
Setaria floral-dip methods [52,53] offer a rapid, low cost
and simple protocol to overcome this major obstacle. In
the near term, we envision that many of the candidates
identified through transcriptomic surveys will be func-
tionally validated in model systems like S. viridis. This
should not be interpreted to suggest that we abandon
further transcriptomic studies once the validation pipe-
line is established. Rather, experimental validations will
continue to remain the major rate-limiting step. Future
transcriptomic surveys must take into account tissue
specificity, phylogenetic and developmental context,
and improved metadata to provide the additional resolu-
tion needed for the prioritization of gene candidates
involved in C4. After these considerations are taken into
account, we will we be able to more confidently explore
our candidate genes with exciting, burgeoning functional
validation pipelines.
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